At least 25 people were killed by the
Introduction
On September 12, 2007 , two large earthquakes with moment magnitudes (Mw) of 8.4 and 7.8 occurred in the southwestern part of Sumatera Island. As a result, at least 25 people were killed, 161 people were injured, 52,522 buildings were damaged or destroyed, and roads were damaged in Bengkulu and West Sumatera provinces.
These earthquakes occurred because of thrust faulting on the boundary between the Australia and Sunda plates. The Australia plate moves to the northeast with respect to the Sunda plate at a velocity of about 50 mm/year (Fig. 1) . The direction of relative plate motion is oblique to the orientation of the plate boundary offshore of the west coast of Sumatera [1] . 4 Bengkulu earthquake, the Mentawai patch, the location of the latest great historical earthquake in 1797, remains a seismic gap (black rectangle on Figure 1 ) on the Sumatera Subduction zone, and it could rupture in the coming decades.
Studying deformation data is one key to understanding earthquake mechanisms. Therefore, it is very important to assess the pattern of deformation due to the September 12, 2007 Mw 8. 4 Bengkulu earthquake to understand the rupture area and its process. In this research, the uplift of the shoreline region and vertical deformation are investigated using Synthetic Aperture Radar (SAR) data. SAR uses a microwave, which has information of both the amplitude/intensity and phase. The intensity of the SAR images is utilized by comparing data before and after the earthquake to estimate the pattern of displacement.
Principle of SAR measurement. The in situ observation cannot cover all the deformed areas, as it is difficult to enter some regions, in particular, very remote areas, and more time is needed to investigate many points. A promising method for obtaining the whole image of the crustal deformation along the rupture zones is remote sensing. Remote sensing techniques have been successfully applied for detecting surface changes caused by catastrophic events [2, 3] . Moreover, various SAR data sets have succeeded in detecting the pattern of vertical displacement of the great Mw 9.2 SumateraAndaman earthquake of December 2004 [4] .
With a given distance, r, from the radar to the object, the measured received power, P r , allows for the calculation of the backscatter coefficient, σ o . In general, the backscattered power, P r , received by the radar correlates to the transmitted power, P t , as shown by the integral radar equation. If the antenna diagram is narrow enough (smaller than several degrees), the following approximate radar equation can be used [5] : where G is the antenna amplification coefficient, λ is the wavelength, and
is the coefficient of backscattering from a surface illuminated at an incidence angle of θ by the t-polarized wave when the r-polarized antenna receives radiation. The backscatter coefficient, σ o , is equal to 10 × log 10 (power ratio between transmitted and received). The backscatter coefficient, σ o , is governed by soil properties that include the dielectric permittivity and surface geometry, known as the surface roughness.
Surface roughness can change the radar response (backscattered intensity). Roughness is defined as the topographic expressions of surfaces at horizontal scales of centimeters to a few hundred meters. A single radar image is usually displayed as a grayscale image, but a smooth or flat surface, from which no microwave energy is reflected back to the radar instrument, will always appear dark in radar images ( Figure 2 ). Vegetation is usually moderately rough on the scales of most radar wavelengths and appears gray or light gray in a radar image. Surfaces inclined toward the radar have a stronger backscatter than surfaces that slope away from the radar and tend to appear brighter in a radar image. An earthquake normally causes horizontal and vertical displacement (uplift and subsidence). If the land becomes ocean (subsidence) due to submergence or tsunami inundation, the backscattered strength of the microwave will decrease and the SAR image will appear dark in radar images (Figure 2) . Otherwise, if the coastal line (sea) increases and becomes land (areas where backscatter increased), the SAR image will be become grey or light grey in a radar image. Hence, this change in intensity of the SAR image can be used to detect deformation.
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Methods
In this study, SAR data from two passes of the ALOS-PALSAR (DAICHI) satellite, one of the largest satellites in the world launched on January 24, 2006, are used. The ALOS satellite has a mass of 4 tons and 7 kW of electric power generated by the 23 m solar array paddle. The PALSAR revolves in a circular orbit with 691.65 km in altitude, illuminating the Earth surface with an L band radar whose microwave frequency is 1,270 MHz and whose inclination is 98.16 degrees. ALOS (which carries PALSAR) was injected into the sun-synchronous orbit, in which it revolves around the earth every 100 minutes, or 14 times a day. ALOS returns to its original path (repeat cycle) every 46 days, and the inter-orbit distance is approximately 59.7 km on the equator. The high-resolution observation data mode of a Fine Beam Single (FBS) of 34.3° and horizontal-horizontal (HH) polarization are used to capture the research area. Six SAR images are combined in three pairs of SAR image observations (see Table 1 ).
To process raw SAR data and generate intensity images of microwave backscatter intensity from the surface, the SIGMASAR packed software is employed [6, 7] . After processing the SAR data, to investigate displacement due to the earthquake, images of ALOS-SAR data are analyzed using the method proposed by Tobita et al. [4] . This method has been successfully applied to estimate the distribution of vertical motion due to the 2007 Mw 8.1 Solomon earthquake [8] . The master (before earthquake) image is combined with the slave (after earthquake) image to form a single image. At first, the intensity variations in the pre-earthquake image are assigned to variations in red ([R ). An additive color process ( Figure 4 ) of these two images using the cyan and red scales produces an intensity change map. The area in which there is no roughness change is represented in grayscale, because the additive process between cyan and red results in white. Cyan means increasing SAR intensity backscatter due to emergence (uplift). Red corresponds to decreasing intensity due to subsidence and/or tsunami inundation.
Additive color processing of these two in cyan and red scale images produces a change map of backscatter intensity. On the change map, areas with no roughness change are gray (Figure 4 ), whereas areas with increased backscatter intensity are cyan, indicating emergence The reflection intensity in the ocean depends on the incidence angle of the radar, the polarization of the microwave, and ocean waves (i.e., roughness). Red and cyan areas in the ocean area are due to differences in these three factors. Figure 5 shows the intensity SAR master and slave image data. These images are derived from a comparison of the intensity of the reflected microwave observed by DAICHI PALSAR between June 21, 2007 (before the Earthquake) and September 21, 2007 (after the Earthquake) to investigate the pattern of deformation and to make a rough estimation of where the source of the September 12, 2007 Mw 8. 4 Bengkulu earthquake was located.
Results and Discussion
We observed significant uplift in/around the shoreline region on southern Pagai Island. Figure 6 shows that cyan ribbons on the southern part of Pagai Island are uplift regions due to the co-seismic fault slip during the main shock event. We determined there is no red color in this image, as detected by ALOS-PALSAR data, which means we did not see any signal of subsidence in this region. The visualization of the uplift as an animation image can be found as a supplementary document.
The error in measurement could be from the difference in tide level during master and slave data acquisition. It was reported that the difference in tide level at the acquisition time of the SAR data is only 2 cm, so it does not generate a big error and it is ideal for this kind of study. In Figure 6 , we can see that the island rose during the earthquake (cyan), and many small islands increased in diameter due to the earthquake. The September 12, 2007 Mw 8. 4 Bengkulu earthquake pushed up a cluster of new islands, and emergence increased the size of the small islands in diameter. In Figure 7 , the evidence of uplift from a coral reef is shown in TelukTiop on the west coast of southern Pagai Island.
We estimated a 500-m wide emergence of the reef in this figure. A large shoreline change or co-seismic vertical displacement near the coastal region on southern Pagai Island is consistent with field observations from a coral reef analysis, which shows uplift of 2 m in the southern part of Pagai Island ( Figure  8 ) [9] . To verify the pattern of uplift observed in the intensity of SAR images, the result of a huge crustal deformation associated with the September 12, 2007 Mw 8. 4 Bengkulu earthquake obtained from SAR interferogram (InSAR) [10] is shown in Figure 9 .
The InSAR image revealed that the maximum uplift crustal deformation caused by the earthquake movement 
Conclusions
The uplift of the shoreline regions on Pagai Island due to the September 12, 2007 Mw 8. 4 Bengkulu earthquake have been investigated using the intensity of SAR images. The uplift captured by SAR image was significant in the southern part of Pagai Island. This pattern is consistent with other measurements, such as InSAR observations, GPS measurements, and in situ observations. Based on this result, we conclude that the significant uplift displacement around southern Pagai Island was caused by the source of the earthquake, which might be located near southern Pagai Island.
This kind of emergence/submergence data captured by SAR images is useful for estimating the location of the earthquake (fault) in very remote and very wide areas without any equipment on the ground.
